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Abstract 
A computational fluid dynamics model of the transient flow around a sprint canoe blade has been developed including the full blade motion in 
the catch and draw phases of the stroke, with the translational and rotational path of the blade is obtained from video analysis of a national team 
athlete. Examination of the blade path and associated flow patterns around the blade reveals the development of tip and side vortices and their 
interaction with the blade.  An interval of reversed flow and pressure at the top of the blade late in the catch is seen and results in a braking 
pressure field on the blade surface.  On-water measurements have also been made using a new instrumented paddle with multiple strain gauge 
full bridges.  This level of bending moment measurement then allows the tracking of the real centre of pressure of the blade force and the 
determination of the real blade force (and its components) through the stroke.  
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1. Introduction  
In sprint canoe, the athlete's power is transferred into boat speed by the interaction of the blade with the water. The blade path 
or motion of the blade dictates the hydrodynamics of the flow around and forces on the blade. In turn, the blade path/motion is a 
function of the combination of athlete technique and their response to the blade forces.  Understanding the hydrodynamics of the 
canoe blades is important in maximising the propulsive efficiency of the athlete, and in possible future changes in blade design. 
There has been little previous work on blade hydrodynamics, either experimentally or using computational fluid dynamics 
(CFD).  Stodart et al. [1] developed a strain gauge system giving shaft bending as a measurement of athlete force, and provided 
force profiles through the stroke.  Similar systems have been developed in rowing [2, 3] and kayak [4, 5].  However, the single 
measurements of shaft bending do not capture the full blade loading, which consists of two force components (e.g., lift and drag) 
and a location of the centre of action of these forces (alternatively given as a pitching moment). 
Numerical models of the transient canoe blade flows are even sparser in the literature.  Morgoch and Tullis [6] considered a 
quasi-steady approach (using a sequence of steady blade force approximations similar to that done earlier in a rowing model [3]), 
however; the canoe analysis required video-derived blade paths (rowing blade motion is constrained to a blade sweep around a 
fixed pin combined with the boat/pin speed). More sophisticated CFD models exist for rowing blades including fully transient 
behaviour with moving blade geometries and the air-water free surface [7].  Here, both fully transient CFD modeling and a new 
multi-component strain gauge-based on-water measurement system are used to investigate canoe blade hydrodynamics.   
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Computational fluid dynamics model 
The flow around the blade of a single typical stroke from a men's C1 200m national team athlete at race pace and stroke rate is 
examined using a CFD model. The on-water measurements of blade loads (section 3) were not taken at the same time as the path 
determination for the CFD model, but were taken later and were at much lower stroke rates and boat speeds (and without the 
earlier high fidelity video capture).  These large differences, unfortunately, does not allow for direct comparison of the CFD 
results and on-water measurements here.   Details of the athletes and strokes are given in Table 1.  
 Table 1. General details of strokes used in CFD analysis and on-water measurements. 
` CFD Analysis On-water Measurements 
Athlete height 1.75m 1.83 
Paddle Braca Canoe Extra Wide (24 cm wide, 1.69m length) Braca Canoe Extra Wide (24 cm wide, 1.75m length) 
Stroke rate 76 /min 35 /min 
Boat velocity 5.16 m/s 3.1 m/s 
2.1. Video capture of blade motion 
The motion of a sprint canoe blade through the water is extrapolated from video analysis of two national team sprint canoe 
athletes in a manner similar to that used in [6]. Two marker points on the paddle shaft are tracked on each video still to provide 
the displacement of the blade during race pace runs of strokes. Significant out-of-plane motion occurs with steering and the start 
of the blade extraction at the end of the draw phase.  However, power application is low at this point of the stroke and it is 
neglected in this analysis, which focuses on the catch and draw phases of the canoe stroke. While out-of-the-vertical plane 
rotation of the blade is assumed to have minimal effects on the hydrodynamics of the stroke, it is included to determine the 
position of the blade within the vertical plane. To do this, the projected distance between shaft markers as seen by the video was 
compared to the actual distance to determine the out of plane angle of rotation, which is then used to determine the blade position 
on the vertical plane. Fig. 1 shows a still from the video with the blade path tracked from the full video sequence.  The forward 
"slip" catch (t=0.02-0.13s) and small aft slip in the draw (t=0.13-0.27s) can be clearly seen. It was found that a correction for 
shaft bending during the stroke was also required to more accurately approximate the blade path and orientation - a bending due 
to a presumed 160N load was ramped up over the 0.08s catch phase, producing a maximum deflection distance of 2.7cm and 
angle of 3.0°.  This load and small deflection was applied before the CFD simulation and not updated with any simulation 
results.  
 
 
Fig. 1. Video still with superimposed blade path as traced by tracking handle points.  The single video still shown is at t=0.1335, in the catch phase of the stroke 
just after the blade has become fully buried.  The average boat speed during this sequence of strokes is 5.16 m/s. 
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2.2. CFD Methodology 
A three dimensional fully transient CFD simulation of the flow around the moving blade was performed.  The semi-spherical 
(using the blade vertical symmetry plane) computational domain was divided into two subdomains, an inner rotating subdomain 
(12.5m diameter) and an outer stationary subdomain (20m diameter), as shown in Fig. 2.  The inner domain, which has a rigid 
mesh relative to the blade and is large enough to contain the majority of the flows associated with the blade, is translated and 
rotated according to the predetermined blade path obtained from the video analysis.  The blade geometry is that used by the 
athlete in the path determination: a Braca Extra Wide with a 5mm thick flat shape with chamfered tip and side edges. Body fitted 
boundary cells are used on the blade surface with an unstructured tetrahedral mesh coarsening away from the blade surface in the 
remainder of the inner domain. The outer domain mesh deforms according to the x and y translation of the inner subdomain.  
Extensive mesh independence tests ensured adequate grid resolution was achieved. 
The Navier-Stokes equations were solved in both the water and air phases around the blade.  In the rotating and translating 
domain, additional body forces (Coriolis, centrifugal and Euler acceleration) are required as momentum source terms to account 
for the unsteady motion and rotation of the domain. The air and water phases were treated using a Eularian volume-of-fluids 
approach [8] with momentum transfer on the interface as by Godderidge [9]. The water interface is smeared over up to 3 cells, 
although the grid is kept relatively fine near/above the blade so the interface near the blade remains thin (coarser meshes and so 
less sharp interfaces occur in the deforming outer domain, but have negligible impact on the flow near the blade).  The simulation 
was started with the blade tip just under the water surface to avoid spurious pressure peaks associated with the blade tip 
impacting the surface. As expected with the flat blade and very low angle of attack on entry, only minimal air entrainment was 
seen (similar to that seen on-water).  The shear stress transport modified k-İ/k-Ȧ blended turbulence model [10] was used 
following the work on hydrodynamically similar rowing blades [7] and its good performance in reproducing lift and drag profiles 
for relatively thin airfoils at comparable Reynolds numbers (here Re ranges from 2×105 to 106) at very high post-stall angles of 
attack and with dynamic pitching [11,12].  While the effects of surface tension were minimal, it was modeled using a continuum 
surface model [13] as a continuous volume force concentrated at the interface.  Second order Euler time stepping was used for the 
momentum and volume fraction equations (first order for the turbulence equations) with a time step of 4.625×10-4s and 
convergence of each timestep ensured by monitoring the global residuals in the mass and momentum equations (with RMS 
values below 10-4).  The time step was reduced to by a factor of 10 for the first 10 timesteps to reduce the transient effects of the 
impulsive start.  Extensive time step sensitivity tests were performed to ensure the soution was independent of the timesteps 
chosen.  The simulations were performed using the commercial code ANSYS-CFX Version 14 (ANSYS Inc., Canonsburg, PA). 
The outer opening of the outer domain has a pressure boundary condition equal to the hydrostatic pressure - here, due to the 
size of the outer domain, the flow velocities are very small.  The blade surface has a no-slip boundary condition. Symmetry was 
used to halve the size of the computational domain.  This assumes that the blade wake is also symmetric, which is a reasonable 
assumption given the low displacement distance of the blade itself.  Johari and Stern [14] showed that impulsively started disc 
wakes remain symmetric until the disc moves at least 6 times its diameter, while here the blade tip, which moves the furthest, 
moves less than 6 times the blade width.  This assumption is obviously not valid later in the stroke when off-axis motion occurs 
with steering and blade extraction; however, these phases of the stroke are not part of the simulations.  Validation of the moving 
mesh domain procedure wsa performed using these results and comparisons with simulations with stationary obstacles and 
transient in-flows.  
  
Fig. 2. Unstructured tetrahedral mesh with hexahedral boundary layer cells around the blade. Outer stationary boundary is shown in grey, outer deforming 
subdomain is shown in red, inner translating and rotating subdomain is shown in green and blade mesh is shown in black.  
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Fig. 3. (a) CFD model results of half-blade at the end of the catch phase of the stroke (t=0.09s from Fig. 1) with streamlines coloured by water velocity showing 
tip and side edge vortices, pressure distribution on the blade surface, and the water free surface (as the isosurface of 0.5 volume fraction).  Boat motion is left-to-
right.  (b) Pressure distribution on blade centreline at the same time. Red line is on the front (suction) side of the blade, blue is of the aft (pressure) side of the 
blade.  
2.3. CFD Results 
The calculated unsteady flow around the moving blade, and the pressure on the blade surface, are tracked through the stroke.  
Through the blade entry and catch, the blade has a high relative blade speed through the water and low angle of attack (<10° at 
the tip, but less further up the blade).  The flat plate of the blade tip at this angle of attack sees the formation of a tip vortex with a 
low pressure core causing high suction pressures (and so local force) near the blade tip, with relatively very low pressures and 
forces higher up the blade.  Surface deformation and air entrainment with the blade entry is very small, again likely related to the 
very low angles of attack seen on entry. 
Through the remainder of the catch phase of the stroke, the tip vortex remains the dominant flow feature, growing in size to 
affect a larger area of the blade, but with slightly lower suction pressures as the relative speed of the blade through the water 
decreases.  Blade side vortices also form, but have much smaller effects on blade pressures.  Late in the catch, the blade path sees 
the top of the blade rotating forward through the water at a rate exceeding the aft slip velocity causing negative angles of attack 
and increases in pressure on the forward suction face of the blade and a detrimental effect on the net propulsive force.  This effect  
is exacerbated by the water motion at the surface - the earlier blade entry has accelerated the surface water to flow aft before the 
top of the blade enters.  This area of reverse pressure is clearly seen in the centreline pressure profile shown Figure 3b, and also 
appears to affect the separation of the blade side edge vortices away from the blade so their contribution to surface pressures is 
small.   
After the catch, the blade path transitions to a draw phase where the blade stops extending forward, reaches maximum depth 
and is then pulled essentially straight aft, all associated with de-rotation of the athlete's upper then lower body.  The forward 
rotation of the top of the blade and reverse pressure region are no longer present, and the tip vortex finally separates from blade.  
Consequently, the pressure and suction profiles on the aft and front faces of the blade become much more uniform.  
3. On-water Measurements  
On-water measurements using the instrumented paddle occurred separately from the video analysis used in the CFD analysis. 
Here a U23 national team athlete used a similar Braca Extra Wide 24 cm paddle with data taken at stroke rates and powers below 
race paces (Table 1).  Viscous shear forces acting along the shaft are neglected - a reasonable assumption given their expected 
small magnitude and as confirmed in detailed examination of the CFD results, and allows us to assume that all forces on the blade 
act normal to the blade surface. The paddle blade is essentially flat, with no side-to-side curvature, nor any camber (tip to 
shoulder curvature), so all the force on the blade also acts normal to the shaft axis.   
The paddle shaft and blade can be considered initially as the 3 point bending of a beam.  The top hand position is fixed at the 
top T-grip of the shaft, while here the lower hand is assumed to correspond to the marked and measured location of the athlete's 
middle finger (87.5 cm from the top of the shaft), although it is acknowledged that this will introduce small errors - the centre of 
pressure within the grip likely varies by a few centimeters during the stroke. 
 
ŵͬƐ
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     Fig. 4. On-water measurement results of low rate (36 /min), lower boat speed paddling of a U23 national team athlete.   
The magnitude of the determined hydrodynamic force acting at the blade is highly dependent on the location of the centre of 
pressure on the blade - this is unknown if only single shaft bending moment measurements are made.  Here, we use a set of full 
bridge strain gauges located at four points on the paddle shaft, including two between the lower hand and the blade-shaft 
connection. Detailed calibration was used to account for the variable stiffness of the paddle, particularly on the blade and at the 
blade-shaft connection. The problem is over-specified given the assumption of lower hand grip location, so a least-squares 
method is used to give a best fit to the calibration data.  The overall accuracy in the determined blade force is estimated to be 
±10N and the force position to be ±1.8 cm. A 9 DOF (3-axis gyrometer, 3-axis accelerometer and 3-axis magnetometer) 
Adafruit LSM9DS0 (with Arduino Uno R3) inertial measurement unit (IMU) is used to simultaneously determine blade 
orientation throughout the stroke.  
The effects of the change in blade centre of pressure (COP) location can be readily seen in Fig. 4, which shows a sample of 3 
strokes taken at relatively low rate (36 /min), power and boat speed (3.1 m/s). During the catch when the blade is entering the 
water (~0.04s duration here), the blade force rapidly increases to its maximum while the COP remains at or near the blade tip, 
similar that to seen in the CFD results. The peak shaft bending force (measured using only a single strain gauge bridge location 
between the two hand grips and a fixed presumed COP location) is much higher than the real blade force and its horizontal or 
propulsive component due to its presumption of a smaller than the real large moment arm of the near tip COP. 
The blade force drops through the transition to the draw phase of the stroke where the blade stops extending forward, reaches 
maximum depth and is then pulled essentially straight aft. Due to the blade motion transitioning from rotation to draw, the COP 
rises to approximately the middle of the blade. The drop in blade force showed much higher variability between strokes than the  
peak catch force, which was relatively consistent within sequences of strokes at the various power levels and rates. This is clearly 
a point in the stroke where technique, blade rotation and COP location changes can have a significant effect on propulsive force. 
At the end of the drive, the blade stops slipping backwards and starts to lift up with the athlete's upper body as they begin driving 
their lower body forward to start reloading for the next stroke.  Here the blade force and mid-blade COP location is relatively 
constant, before decreasing as the blade is extracted.   
Vertical and propulsive decomposition of the blade force based on the blade pitch is also done and shown in Fig. 4. As 
expected, there is a strong vertical force during the catch and early stages of the transition to the draw (the first 0.25 of the 
stroke).  The net vertical force through the stroke here is downwards, although as athlete power increases this is likely to change 
given the expected large increases in catch force and reduced duration of the draw.  Blade side angles are also of use in athlete 
technique evaluation - here a delay in the athlete getting over the blade in the second stroke in Fig. 4. is apparent in side angles 
well below 90° through the catch and transition phases of the stroke. Correlation of this behaviour with the reduced draw phase 
power will require statistical analysis of large numbers of full power strokes, but the potential of such an examination of the data 
is clear. 
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4. Conclusions 
Computational fluid dynamics has been used to flow around a sprint canoe blade with full treatment of the complicated blade 
path and air-water free surface, although the simulation was limited to the catch and draw phases of the stroke where the blade 
remains on the vertical plane.  The blade path was obtained by video analysis of a national team athlete.  The simulation, 
however, used only a single case of a single stroke path, and this stroke was obtained before the on-water instrumented paddle 
was completed.  Investigation of a range of paths and the associated differences in the flow and pressure fields is obviously 
warranted.  Direct comparison of the CFD results with the on-water measurements is also needed - this was not undertaken here 
due to the large differences in stroke rate and boat speed between video capture used for the CFD model (at race pace) and the 
on-water instrumented blade measurements.   
An instrumented paddle with multiple full bridge strain gauges was developed to measure not just blade bending, but also to 
locate the centre of pressure of the blade normal force.  It was seen that the centre of pressure moves substantially through the 
stroke from the blade tip during the catch to approximately mid-blade during the later part of the draw phase. Consideration of 
the real centre of pressure motion allows the determination of the real blade force - simple shaft bending measurements with a 
presumed blade force location overestimate blade forces early in the stroke when the COP is near the blade tip. Improvements in 
the system currently being worked on include coupling better corrected inertial measurement unit (IMU) blade orientation and 
motion data with the already present boat mounted IMU to better position the blade relative to the boat. 
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